We discuss the implication of the observation of supernova relic neutrinos on the study of the star formation rate in galaxies. The limit recently obtained at SuperKamiokande (SK) is already marginally significant, giving the limit that selective extinction of galaxies E B−V < 0.4, allowing for uncertainties in the model supernova neutrino flux. We argue that the increase of the SK statistics by a factor of 3 should positively detect the supernova relic neutrino events, or else bring the derived constraint in conflict with the star formation rate estimated from Hα emission.
INTRODUCTION
Neutrinos emitted from stellar core collapse fill the universe as a diffuse background radiation. The feasibility for the detection of these neutrinos has been considered by many authors (Bisnovatyi-Kogan & Seidov 1982; Krauss, Glashow & Schramm 1984; Totani, Sato & Yoshii 1996; Malaney 1997; Hartmann & Woosley 1997; Kaplinghat, Steigman & Walker 2000) . While estimates of the expected neutrino flux depend much upon authors, the authors are generally negative regarding the feasibility of their detection. The problem is large backgrounds from solar and reactor (anti)neutrinos at low energies and atmospheric neutrinos at high energies; the possible window in between (say, the neutrino energy Eν =15-50 MeV) is masked by a large background from electrons produced by decay of low energy muons that escape detection in the waterČerenkov detector (Zhang et al 1998) . The decayed electron spectrum from muons, however, is precisely known, and the Super-Kamiokande (SK) group has demonstrated that this background can be subtracted (Totsuka 2001) . The limit derived on the neutrino event rate in the 18-50 MeV range is close to the value indicated by some optimistic estimates of the supernova relic neutrino flux, which encourages us to scrutinize the problem.
A major uncertainty in the calculation of the supernova relic neutrino flux is in the star formation rate (SFR) and its evolution towards the past. The work with high redshift galaxies over the last five years, however, has provided us with significant insight on the evolution of the global SFR. The estimates include the use of UV emissivity (Madau et al 1996 , Lilly et al 1996 , Connolly et al. 1997 , Steidel et al. 1999 , Treyer et al. 1998 , Sullivan et al. 2000 , Hα fluorescent emission (Gallego et al. 1995 , Tresse & Maddox 1998 , Glazebrook et al. 1999 , Sullivan et al. 2000 , radio emission (Serjeant, Carlotta & Seb 2002) , and far-infrared emission (Flores et al. 1999) . The model dependence is fairly small: the estimates of the SFR are convergent to 0.1−0.15 dex among different authors, if the same observational data are used. The large uncertainty, however, resides in which data are to be used; the current estimate shows an uncertainty of a factor of 4 (0.6 dex). In particular, the SFR estimated from UV depends largely on extinction corrections. The uncertainty of 0.6 dex is roughly equivalent to the extinction correction in the range of EB−V = 0 − 0.3. Madau et al. (1998) took EB−V = 0.1, Steidel et al. (1999) indicated 0.15 and Sullivan et al. (2000) derived 0.3. The prime purpose of this paper is to consider whether we can obtain any useful constraints on the SFR from the current observation of the supernova relic neutrinos, and, if not, from the experiment improved in sensitivity in the near future.
Another focus of this paper is to derive a lower limit on the relic neutrino event rate in the SK detector under reasonable assumptions on the input to the calculation. In fact, the calculation of the event rate suffers from many uncertainties besides the star formation rate. Among the most important uncertainties may be those in the mean energy of neutrinos and the effect of neutrino oscillation. For the latter, recent experiments show unambiguously the presence of neutrino oscillation, but also narrow the allowed parameter regions (Fukuda et al. 1998 , Ahmad et al. 2001 , Fukuda et al. 2001 . A useful constraint can be derived on the mean energy of supernova neutrinos from the IMB observation of the SN1987A neutrino flux assuming that SN1987A is typical for supernova neutrino emission. With these pieces of information we can constrain the neutrino event rate expected in the SK.
After the completion of our calculation a paper appeared in which the supernova relic neutrino events are calculated with the effect of neutrino oscillation taken into account (Ando, Sato & Totani 2002) . The authors have concentrated on the effect for the neutrino energy region of Eν < 12 MeV, which we consider is masked completely by the solar neutrino background. They claim that neutrino oscillation leads to little modifications on the expected neutrino events. In this paper we consider observationally more interesting higher energy region Eν > 12 GeV.
THE LOCAL SUPERNOVA RATE AND THE LOCAL STAR FORMATION RATE
A number of extragalactic supernova surveys (van den Bergh & McClure 1994 , Cappellaro et al. 1997 , Tammann et al. 1994 yield the local supernova rate in units of SNu, i.e., the number of supernovae per 10 10 LB(⊙) per 100 year for each morphological type of galaxies. We first translate it into the rate per unit cube of spatial volume, by averaging over morphological fractions of nearby galaxies E/S0 : SaSb : Sbc-Sd = 0.32 : 0.28 : 0.34 (Fukugita, Hogan & Peebles 1998; hereafter FHP) , and by multiplying the B band local luminosity density of the universe LB = 2.4 ± 0.4 × 10 8 hL⊙ Mpc −3 (Blanton et al 2001; Yasuda et al 2001) . Counting both type Ib and Ic in addition to type II as core collapse supernovae, we obtain the supernova rate RSN to be 1.98 × 10 −4 , 2.11×10 −4 and 4.44×10 −4 h 3 yr −1 Mpc −3 for the three surveys, where h is the Hubble constant in units of 100 km s −1 Mpc −1 . We take the geometric mean of the three values and refer to the largest and smallest of the three as the allowed range: 2.65
We quote a similar estimate made by Madau et al. (1998) .
For a given star formation rate ψ(t) (in units of M⊙ yr
where φ(m) is the initial mass function (IMF) of stars, for which we take the Salpeter IMF φ(m) ∼ m −1.35 for m > 1M⊙ and continue to the IMF of Gould, Bahcall & Flynn (1998) for a low mass according to the prescription of FHP. The use of the Salpeter mass function has the practical advantage that the derived SFR can directly be compared with those from UV emission, Hα emission and others, since the available estimates of the SFR all assume Salpeter IMF, and both type II supernova rate and UV or Hα emission are governed by massive stars; this minimizes the uncertainties related with the IMF. We take the critical mass for type II supernovae mc to be in between 8 and 10 M⊙ according to Nomoto (1984) . We set mu = 100M⊙.
The local star formation rate derived from (1) is log ψ(t0)(M⊙yr −1 Mpc −3 )= −2.09
, where we take h = 0.72 (Freedman et al. 2001 ). This may be compared with the SFR from an Hα survey −1.88 ± 0.04 (Gallego et al. 1995 , Glazebrook et al. 1999 ; we take the revised estimate of the latter reference for the uniformity of the data, but the difference is small). 
STAR FORMATION RATE AND THE RELIC NEUTRINO EVENT RATE IN THE DETECTOR

Star formation rates (SFR)
In Figure 1 we present a compilation of the estimates for the SFR as a function of the lookback time (= t0 − t). The data are taken from Glazebrook et al. (1999) , Sullivan et al. (2000) and Steidel et al. (1999) , which cover most of the SFR work to date. While these authors re-evaluated the SFR, the differences among them and original literature are small for each data point. We take the cosmology of Ω0 = 0.3 and λ = 0.7 with h = 0.72 to draw this figure. The solid points are the SFR from Hα (and Hβ) , and the open points refer to the values from UV emissivity with zero extinction corrections. The grey points are obtained from far-infrared and radio observations. The SFR estimate from the supernova rate is shown at the zero lookback time. We also show the constraint from the supernova relic neutrino observations as we will discuss below.
The figure shows that the SFR obtained from a single indicator exhibits an exponential dependence as a function of the lookback time, at least for z ≤ 1, as expected in the closed box model or in CDM model calculations (e.g. Nagamine et al. 2001) . For example the SFR for t − t0 < 7 Gyr obtained from Hα is fitted well with log ψ(t)Hα = −1.74 + log h + 0.216h(t0 − t).
The SFR from far-infrared is consistent with this curve. The data from UV emissivity also indicate a line parallel to (2), but located lower by 0.50 dex (with the exception of the data of Treyer et al. (1998) at z = 0.15). This suggests a significant extinction needed to make the Hα data consistent with the UV data: with the standard extinction law (Seaton 
with τ = 2.8 Gyr for z < 1. This law may not hold for z > 1, but star formation at such high redshift is insignificant in the estimate of supernova relic neutrino flux for Eν > 12 MeV, which is of our current concern, and we do not need to specify any accurate functional form, as we will see below. We take ψ(t0) as a parameter, or alternatively we may use EB−V taking log ψUV(t0) = −2.24 from the UV emissivity with zero extinction as a fiducial value.
Neutrino spectrum from type II supernovae We must deal with the uncertainty of the neutrino flux emergent from supernovae. The dominant neutrino emission arises from pair creation in the optically thick object. Hence the luminosity of each species of neutrinos is approximately equal, as demonstrated by many neutrino transport calculations for type II supernovae (Burrows et al 2000; Bruenn et al 2001; Totani et al. 1998; Yamada, Janka & Suzuki 1999) . We may suppose that the total neutrino luminosity is close to 3 × 10 53 erg, since the mass of all observed neutron stars takes a universal value of 1.4M⊙. We allot a 20% error to this estimate. The mean energy of neutrinos depends on details of calculations, e.g. ranging from 12 to 20 MeV forνe (see Table 1 ). The mean neutrino energies satisfy Eν e < Eν e < Eν µτ , where νµτ includes νµ, ντ and their antiparticles, as understood from neutrino opacity. Neutrino transport calculations give Eνµ/Eν e = 1.1 − 1.6; see Table 1 . We take this ratio to be 4/3, but the result of our calculation is not sensitive to this value once we introduce the observational constraint.
The neutrino spectrum from supernovae is somewhat deviated from the zero-chemical potential Fermi distribution. It is usually parametrised by introducing an effective chemical potential η, i.e., f = [exp (Eν/T − η) + 1] −1 with η = 1 − 3 (Janka & Hillebrandt 1989).
For waterČerenkov neutrino detectors the only reaction we must consider isνep → e + n. The cross section of ν
16
e O is > 20 times smaller. There is, however, an important contribution fromνµ →νe due to neutrino oscillation. Recent solar neutrino experiments at Sudbury and SK show that the mixing between νe and νµ is nearly maximal. With the matter effect the neutrinos emergent from a supernova are ν2 = − sin θνe + cos θνµ and ν1 = cos θνe + sin θνµ, which are the mass eigenstates. Theνe detected in detectors are therefore cos 2 θ times theνe flux and sin 2 θ times theνµ flux with sin 2 2θ ≃ 0.96 (Ahmad et al. 2001 , Fukuda et al. 2001 ). This in principle increases the neutrino detection rate due to higher energies of theνµ flux. Table 2 . 90% confidence allowed range of the neutrino energy and temperature from IMB neutrino events for SN1987A.
Note that the matter effect of Earth somewhat modifies the mixing ratio for the neutrino flux that passes through Earth. This effect is calculated assuming Earth as a sphere of a constant matter density, ρe(Earth) ≃ 3.2g/cm 3 .
Constraints from SN1987A
At the epoch of SN1987A Kamiokande (Hirata et al 1987) and IMB (Bionta et al 1987) detected neutrinos from core collapse. The gross characteristics of these neutrino events agree with what are expected. Here we use the detection of neutrino events at IMB to constrain the higher energy spectrum of supernova neutrinos. We estimate the event number NIMB at IMB (5 kton water) as
where σp is the cross section forνep → e + n, T is the trigger efficiency, and Fν is theν flux at the IMB detector,
where PIMB(ǫ) is the conversion probability forν1 →νe due to neutrino oscillation including matter effects of Earth: Fi is the neutrino flux for species i without oscillation, for which we obtain Fi = 3.99 × 10 10 cm
where Etot,ν is the total neutrino energy and
The calculation of PIMB is carried out in a way similar to that in Lunardini & Smirnov (2001) , taking 8535 km for the neutrino trajectory inside Earth for SN1987A. Applying Poisson statistics to 8 events observed at IMB, we obtain 90% confidence limits on Eν e and Tν e as shown in Table 2 . This constraint removes much of the uncertainty of the model neutrino flux: the result of our calculation in what follows depends only weakly on the assumptions of a number of parameters we assumed for the neutrino flux emergent from supernovae.
Supernova relic neutrino flux
The neutrino flux Jν i is calculated as
where the neutrino luminosity Lν is given by
The supernova rate is related with the SFR as,
Figure 2. Neutrino event rate for SK as a function of E B−V . The hatch is the limit of SK. The range between the two dashed lines is consistent with SFR from Hα observations, and that between the two dotted lines is consistent with the local supernova rate.
for mc = 8M⊙. We remark that the flux (7) is independent of the cosmology, since its dependence in dt/dz is cancelled by the volume factor of ψ(z). We use for ψ the exponential law for z < 1 and assume a constant for z > 1. We take the SFR from the UV emissivity with zero extinction as a fiducial and parametrise the normalisation in terms of EB−V . The extinction is written ∆ log ψ = 2.42EB−V for z < 1 using the standard extinction law (Seaton 1979 , Cardelli, Clayton & Mathis 1988 . The calculation of supernova relic neutrino flux Jν e (after neutrino oscillation effect) is carried out in a similar way, with the modification that the Earth effect is integrated over all directions. The event rate with a fiducial volume of the 22.5 kton SK detector is calculated as
where ǫ min(max) is the minimum (maximum) energy of the neutrino detection, which we take ǫmin = 18 MeV and ǫmax = 50 MeV. Fig. 2 shows an example result for the neutrino event rate for SK as a function of EB−V for a typical parameter set indicated in the figure. It is seen that the event rate exceeds the current SK limit, 2.0 yr −1 at 90% confidence for the 18 − 50 MeV window (Totsuka 2001) , if EB−V > ∼ 0.3. From this figure one can read the range of EB−V which is consistent with the SFR from Hα at the zero redshift and with the local supernova rate. Fig. 3 shows the relative importance of supernovae at different redshifts for neutrino events. The solid histogram corresponds to neutrino events with energy between 18 MeV and 50 MeV, which shows that half the events arise from low-z supernovae (z < 0.25). If we decrease the energy of the detector window to 12 < E < 18 MeV, non-zero redshift supernovae become more important. This means that we can learn the evolution of the SFR from gross spectroscopy of supernova relic neutrinos. This histogram also shows that the contribution from supernovae at z > 1 is insignificant in so far as our consideration is restricted to E > 12 MeV. The neutrino spectrum is presented in Figure 4 .
Constraint on the star formation rate
We derive a constraint on the SFR by requiring that the supernova relic neutrino event should not exceed the SK limit; the result is shown in Figure 1 above. The most conservative limit is obtained by taking mc = 10M⊙ and minimising the number of events at IMB for SN1987A. At a 90% confidence the limit means EB−V ≤ 0.40, or log 10 ψ(0) ≤ −1.26.
The constraint derived here is consistent with the estimates of SFR, with an allowance factor of three for most of the data. If we would take the opposite case, i.e. the maximum allowed flux (90% confidence for the IMB events) and mc = 8M⊙, the limit becomes stronger by a factor of 4; it is already lower than the line for the SFR from Hα. Six more years of the SK operation will bring the most conservative limit line to the position of the SFR from Hα.
The lower limit of neutrino reaction rates at SK If we require to match the SFR from the UV emissivity with that from Hα, we have EB−V ≥ 0.19. Minimising the event rate with allowed parameters and taking mc = 10M⊙, we estimate
A more conservative limit is derived if we take the lowest limit of supernova rate, which corresponds to EB−V ≥ 0.066. Note that all available estimates of mean extinction are larger than this value. For this case we obtain
The SK should see the supernova relic neutrino events if they increase the sensitivity by a factor of 3, or at largest 4.5.
DISCUSSION AND CONCLUSIONS
The limit on the SFR derived from the supernova relic neutrino observation at SK is already marginally significant even if we include the allowance for the uncertainty of the model supernova neutrino flux. With the current data we can conclude that mean EB−V < 0.4 with the standard extinction law. The increase of SK statistics by a factor of 3 (or 4.5) should positively detect the supernova relic neutrino events, or else bring the derived constraint in conflict with the SFR estimated from Hα (or with all SFR estimates including those from the local supernova rate). There are significant uncertainties in the supernova neutrino flux calculations. The important point that would make our conclusions robust is that we have used a constraint on the model supernova neutrino flux from the empirical knowledge obtained for SN1987A. Under this constraint theνe flux at the detector is rather tightly constrained. For instance an increase of η is compensated by an increase of effective neutrino energy or else by an increase of neutrino luminosity, so that the neutrino flux in the energy range that concerns us changes little. Neutrino oscillation generically enhances the high energy tail of the neutrino spectrum: under the empirical constraint, however, this is absorbed into the change of other parameters. As a result the prediction of supernova relic neutrinos at SK is modified little. If we switch off neutrino oscillation (this corresponds to the case of small neutrino mixing), we obtain EB−V < 0.42, only slightly weaker than (11).
